As part of a novel method for evolutionary material development, particle-oriented peening is used in this work to characterize 100Cr6 (AISI 52100) microparticles that were heat-treated by means of a differential scanning calorimeter (DSC). The plastic deformation of the samples in particle-oriented peening is correlated with the microstructural properties considering different heat-treatment variations. While the heating rate was kept constant (10 K/min) for all heat treatments, different heating temperatures (500 • C, 800 • C, 1000 • C and 1100 • C) were realized, held for 20 min and then cooled down at a rate of 50 K/min. Thereby, microstructural states with different (mechanical) properties are generated. For validation, microsections of the particles were analyzed and additional universal microhardness measurements (UMH) were performed. It could be shown that the quickly assessable plastic deformation descriptor reacts sensitively to the changes in the hardness due to the heat treatment.
Introduction and Approach
The requirements placed on materials used in areas such as energy, mobility and health are becoming increasingly complex. Today, there are only a few high-throughput methods for characterizing materials and material states, such as nanoindentation tests from Zhao and Zhang [1] [2] [3] [4] . In order to enable faster development of new construction materials to meet the rising demands of future components, a novel method has been established by the Collaborative Research Center 'Farbige Zustände' (CRC 1232) of the German Research Foundation (DFG). It focuses on the investigation of microparticles (diameter ≤ 1 mm), which should allow conclusions to be drawn about the properties of components with conventional dimensions. For this purpose, quickly and easily determinable characteristics, so-called descriptors, are analyzed at different steps of a process chain. The microparticles can be generated utilizing droplet generators [5] , which allow fast production of spherical droplets. Using a droplet generator, alloys can be varied quickly and several hundred samples can be generated per cycle in a reproducible way. This allows not only a finer variation of alloying elements, but also a significantly faster examination, since no conventional (large) samples have to be produced. In this way, optimal materials for specific applications can be identified. Through machine learning and heuristic methods, the experimental designs are adapted and the characterization process is continued until a novel material, with the required properties, is finally found [6, 7] .
The properties of metallic materials do not only depend on the alloying elements but also on the modification of the material properties which occur throughout the process chain. The phases present in the microstructure and their special morphologies are also of great importance. In addition, the interactions of defects of the respective phases play a major role in many metallurgical processes. The microstructure can thus be influenced both by the heat-treatment and the transformation processes taking place, such as the dissolution and precipitation of phases or the change in the crystal structure, as well as by the alloying elements.
Using differential scanning calorimetry (DSC), heat-treatments can be performed, as well as characterization of structural changes, during a defined time-temperature program [8] . Thus, this method can be used among others for descriptor determination [9] . In this work, DSC was used for heat-treatment in a small furnace to achieve identical heat-treatment results for varied thermal conditions, for the small batches of microsamples. Heat flow curves allows precise determination of the austenitization temperature of the samples.
Particle-oriented peening was used to characterize the DSC heat-treated samples. Since the impact-induced plastic deformation of the single particles is related to the material-dependent deformation behavior, its analysis can be correlated to material properties such as hardness or deformation work. Characteristic measures of the deformed particles are used as descriptors that can be linked to material properties.
Due to its low test force and the locally limited measuring area, the instrumented universal microhardness measurement (UMH) allows the examination of the DSC-treated microparticles (after preparation of these). Thus, not only the Martens hardness but also the elastic and plastic shares of the deformation work, the elastic indentation modulus and the maximum indentation depth can be determined. Since these material-dependent quantities can be compared with the values determined using the particle-oriented peening process, the deformation behavior can be related to the microstructure-related material properties.
This work is aimed at showing that particle-oriented peening, is in principle, suitable for the evaluation of DSC heat-treated particles. Within the framework of CRC 1232, the peening is going to be used together with other methods to characterize the properties of spherical microparticles of different materials. This characterization then serves as an alternative assessment of material properties, which cannot be determined in a conventional way on the small samples.
Materials and Methods

Materials
The experiments were carried out with spherical microsamples (diameter d = 0.8 mm) of steel SAE 52100 (i.e., equivalent to 100Cr6 and AISI 52100). For the presented work, the commercially available samples were produced with a roller ball production process. This sample geometry was chosen in order to allow a comparison with the generated droplets of the future high-throughput process of the CRC 1232, and therefore, to enable the validation of short-term characterization by means of descriptors. The microstructure of the samples directly after the manufacturing process consists of martensite with retained austenite and globular carbides ( Figure 1 ).
Figure 1.
Microstructure of the microsamples after the roller ball production process; etched 25-30 s in 3% alcoholic HNO3, equatorial cut.
Heat Treatment
To vary the material properties prior to the particle-oriented peening step, the particles were heat-treated under varying conditions in advance. The experiments were performed in a differential scanning calorimeter because of the high precision of the furnaces, and to control the transformation points. The heat-treatments were carried out with a calorimeter of type HT TGA/DSC 3+ (© METTLER TOLEDO, Hamburg, Germany). The samples were heated under an argon atmosphere at a rate of 10 K/min, to a temperature of 500 °C , 800 °C , 1000 °C and 1100 °C , then held at that temperature for 20 min, before being cooled at a rate of 50 K/min, until they reached room temperature (Table 1) . 
Universal Microhardness Measurements (UMH)
In order to obtain information about the elastic and plastic deformation work, as well as the hardness of the particles, as a result of the DSC treatment, microhardness measurements were performed using a microhardness testing device (Fischerscope H100C, Helmut Fischer GmbH, Sindelfingen, Germany) with a Vickers indenter. Since the material properties influence the heattreatment-dependent deformation behavior, values determined by the UMH are used for the validation of the results obtained by particle-oriented peening. For the investigations of the universal microhardness, the samples were prepared by embedding and grinding into the equatorial plane. The surface of the samples was fine-polished to achieve a low surface roughness of around 0.012 µ m, so that microhardness measurements could be carried out. A maximum indentation force of 1000 mN was used. The loading time, holding time and relief time were set to 10 s each. A total of 25 measurements were performed on each particle. 
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Particle-Oriented Peening
As a process able to quickly deform a large number of particles in a highly defined and reproducible way, a newly established set-up for particle-oriented peening was used. At given peening conditions, the observed plastic deformation allows conclusions to be drawn about the mechanical properties of the samples. Thereby, single particles are accelerated with compressed air (jet pressure p s = 4 bar) to impact on a hardened contact plate (hardened 100Cr6; 60 HRC). The impact causes the particles to deform plastically according to their material properties. This plastic deformation is analyzed under a light microscope after the peening process, and the descriptor "linear plastic deformation" is determined. This is defined as the difference between the initial particle radius, r, and the distance from the center to the flattened surface after the impact ( Figure 2 ). As shown for AlSi12 and X210Cr12 (AISI D3) in [10] , Kämmler et al. examined that different mechanical properties, e.g., different hardness values, result in different descriptor values. It is, therefore, assumed that the different DSC heat-treatments also lead to distinguishable descriptor values.
Metals 2019, 9, x FOR PEER REVIEW 4 of 9
As a process able to quickly deform a large number of particles in a highly defined and reproducible way, a newly established set-up for particle-oriented peening was used. At given peening conditions, the observed plastic deformation allows conclusions to be drawn about the mechanical properties of the samples. Thereby, single particles are accelerated with compressed air (jet pressure ps = 4 bar) to impact on a hardened contact plate (hardened 100Cr6; 60 HRC). The impact causes the particles to deform plastically according to their material properties. This plastic deformation is analyzed under a light microscope after the peening process, and the descriptor "linear plastic deformation" is determined. This is defined as the difference between the initial particle radius, r, and the distance from the center to the flattened surface after the impact ( Figure 2 ). As shown for AlSi12 and X210Cr12 (AISI D3) in [10] , Kämmler et al. examined that different mechanical properties, e.g., different hardness values, result in different descriptor values. It is, therefore, assumed that the different DSC heat-treatments also lead to distinguishable descriptor values. In addition to the plastic deformation, the impact force, F, of the particles approximated with the aid of a Kistler dynamometer, is also considered. As a result of previous calibration tests, a lowpass filter of 3000 Hz, a sampling rate of 100,000 Hz and the time constant DC-long were used for the measurements. The impact force is defined as the difference between the maximum value determined and the basic value caused by the air flow of the jet pressure. Due to the short contact time and the limited possibility of the dynamometer used to record dynamic processes, the determined value does not represent the actual absolute force, but serves as an orientation value
Results
Heat-Treatment
When heating the samples in the DSC, an endothermic peak with an onset temperature (austenitization temperature) of 751 °C and an end set temperature of 791 °C was measured. The exothermic transformation peak of the cooling curve had an onset at 731 °C and an end set at 628 °C . The maximum deviation of the evaluated temperatures was 1.2 °C . Figure 3a -d shows the microstructure of the particles after the different heat-treatments near the surface and in the middle of the samples. The samples heat-treated at 500 °C have a homogeneous structure within the crosssectional area of the sample. The microstructure consists of tempered martensite and carbides ( Figure  3a ). Despite the argon atmosphere, decarburization is obtained particularly near the surface of the samples heat-treated at 800 °C . The microstructure of those samples thus consists of ferrite, a small amount of perlite, upper bainite and carbides (Figure 3b ). After heat-treatment at 1000 °C , decarburization can also be observed near the surface of the samples. The microstructure consists of ferrite and a small amount of perlite (Figure 3c ). The samples heat-treated at a temperature of 1100 °C mainly have a pearlitic structure with a small amount of ferrite and grain boundary carbides (Figure 3d ).
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Microhardness Measurement
In order to corelate the descriptors obtained in particle-oriented peening, microhardness measurements were additionally performed. The elastic (Wel) and plastic (Wpl) shares of the deformation work, as well as the elastic indentation modulus, EIT, are listed in Table 2 for the various heat-treatment states. Since the heating rate was kept constant (10 K/min) for all heat-treatments, only the different heating temperatures (500 °C , 800 °C , 1000 °C and 1100 °C ) are listed. 
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Particle-Oriented Peening
While the plastic deformation obtained investigating the different DSC-treated particles varies significantly when a constant jet pressure of ps = 4 bar is applied, the approximated impact force shows no significant variation, and confirms that particles of the same size have the same amount of kinetic energy when striking the contact plate. Average values (out of 10 measurements) obtained for the descriptor "linear plastic deformation" (a) and "impact force" (b) are shown in Figure 5 . The error bars visualize the standard deviation calculated. Analyzing Figure 5 , the following conclusions can be drawn: • Up to a heating temperature of 1000 °C, an increase in heating temperature results in an increasing linear plastic deformation. 
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•
Up to a heating temperature of 1000 • C, an increase in heating temperature results in an increasing linear plastic deformation. Considering the findings from Figure 5a , the linear plastic deformation of the particles shows an opposite trend to that of the hardness values. This indicates the direct correlation between the quickly assessable plastic deformation in particle-oriented peening and material properties varied in a defined way by DSC. Considering the findings from Figure 5a , the linear plastic deformation of the particles shows an opposite trend to that of the hardness values. This indicates the direct correlation between the quickly assessable plastic deformation in particle-oriented peening and material properties varied in a defined way by DSC.
Discussion
The temperature curves recorded during the DSC show that a complete austenitization has only occurred at a maximum temperature of 1100 °C . Thus, a completely new microstructure was formed, resulting in a higher hardness caused by this maximum temperature. Lower heating temperatures mainly result in tempering of the previously martensitic microstructure. Since 500 °C is a comparatively low temperature for tempering, the hardness here is still high due to the remaining martensite. Since a higher hardness results in a greater resistance to deformation, both linear plastic deformation and the maximum penetration depth determined in UMH have the lowest values for material states of high hardness. The deformation work determined coincides with these observations, since a comparatively large elastic and comparatively small plastic part was determined during the heat-treatment at 500 °C . Increasing the heating temperature to 800 °C resulted in the material being in a two-phase region for the duration of the holding time. For this reason, decarburization has occurred near the surface of the particles, which explains the mixed structure of ferrite, perlite, upper bainite and carbides. Since the particle-oriented peening mainly causes a deformation of the particle surface and subsurface area, the observed microstructural effects in the outer surface and subsurface layers (decarbonized) may affect the correlation between the plastic deformation after peening and the hardness measured in the center of the particles. However, this would only be an issue if other heat-treatments were used and caused different effects in the outer layers of the particles. Nevertheless, the development of the obtained descriptors, with changing hardness, is represented correctly. At a heating temperature of 1000 °C , the austenitization temperature is already exceeded. However, this temperature, in combination with the holding time, is not sufficient for a complete phase transformation. Thus, a mixed microstructure with ferrite and a small amount of perlite still results. Since decarburization is less pronounced, the microstructure is more homogeneous.
As the mass of the particles is constant for all heat-treatments, and the jet pressure is kept constant as well, no significant variations of the impact force were expected. However, due to slight variations of the volume occupied by different phases, a minimal variation of the diameter of the particles can occur. This might influence the acceleration by the jet stream and be an explanation for the very small observed variations of the impact force. The fact that there are comparable standard deviations for all DSC conditions, shows that a comparison of the results is possible due to matching particle sizes. 
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Conclusions and Outlook
In this publication, hardened 100Cr6 particles underwent different DSC heat-treatments to vary the microstructural and mechanical properties of the metal in a defined way. The influence of the different heat-treatments on the deformation behavior of the particles was investigated using particle-oriented peening. The descriptors were correlated to material properties using micrographs and microhardness measurements. It could be shown that the linear plastic deformation descriptor reacts sensitively to the altered hardness of the particles due to heat-treatment. According to the Martens hardness and the degree of elastic and plastic deformation determined in the UMH, the linear plastic deformation clearly increases with decreasing hardness (from a heating temperature of 500 • C to 1000 • C). The increased hardness of the particles heat-treated at 1100 • C leads to lower values of linear plastic deformation and penetration depth. There are similarities in the order of magnitude to the values determined at 500 • C.
In addition to 100Cr6, other alloy compositions will be considered for subsequent investigations. Furthermore, it will be analyzed if and how the sample generation process affects the observed results in a quantitative way. Here, commercially available roller ball particles were used. It is of great interest how they compare to particles generated in a single drop generator. The investigation of these "dropped" particles represents the basis of the CRC hypothesis.
